Abstract-Imaging-genetics cohorts allow to find associations between genotyped variants and brain imaging features. They are invaluable tools to evaluate the part of genetics and environment in the brain characteristic variance observed in normal and pathological populations. The present analyses were conducted using the 2018 UK Biobank (UKB) data release, and included 15,040 subjects for which sulcal opening, a measure of sulcus width, are extracted for 126 sulci using BrainVisa/Morphologist pipeline. Based on genetic maps, continuous blocks of high-confidence phase are extracted using the haplotype dataset of UK Biobank. The feasibility study analyzes 13,942 haplotypes of 1,756 blocks on chromosome 21, obtained with a stringent block definition, and shows that block-based test seems underpowered compared to haplotype-based association test.
INTRODUCTION TO IMAGING-GENETICS STUDIES
Imaging-genetics cohorts allow to find associations between genotyped variants and brain imaging features. They are invaluable tools to evaluate the part of genetics and environment in the brain characteristic variance observed in normal and pathological populations. Over the past years, studies using thousands of subjects like the one available from the Human Connectome Project (HCP) showed a strong genetic control over numerous cortical structures. Recently, measures of sulcal root position, sulci depth and grey matter thickness were shown by our group to be highly heritable [1] , [2] . Traditional GWAS have shown a few new markers associated with these phenotypes [3] .
Genetic basis of complex traits in neurosciences
Heritability studies have shown that the genetic basis for complex traits spans across the whole genome and we expect that causal variants will show only small size effects in the association [4] . Hence, research consortia in imaging-genetics have built cohorts of expanding size, from HCP (≈ 1, 200 subjects) and IMAGEN (≈ 2, 000 subjects) to UKB (≈ 20, 000 subjects to this day) and even more sensitive association methods have been sought actively.
Haplotype association studies in neurosciences
The search for early biomarkers for pathologies like neurodegenerative diseases requires to better know the non-pathological variability and associated causal variants in control subjects to rapidly identify valuable biomarker candidates of a disease. In the case of psychiatric syndromes, the quantitative, complex traits derived from imaging data show a continuum with no clear borders between normal and pathological values. These examples are incentives to develop even more sensitive methods to detect associations in large cohorts of control subjects.
In this work, we aim to investigate the properties of association methods between complex phenotypes extracted from imaging data and genome-wide haplotypes, as defined by a block of contiguous markers of high-confidence phase. The present analyses were conducted under UK Biobank data application number 25251. The UK Biobank is a health research resource of about 500,000 people aged between 45 and 73 years old, that were recruited in the general population across Great Britain. In this work, we used the last release of imaging data of UKB, consisting of 20,060 subjects with a T1-weighted MRI and genotyping data [5] A. Imaging data Using BrainVisa/Morphologist pipeline [6] , [7] , 126 sulci were automatically extracted from T1-weighted images. For each sulcus, several features such as sulcal width, cortical thickness, and pits (sulcal root) depth [1] .
Sulci opening: We consider in this study the opening of a sulcus -a measure of its width -computed as the ratio of the volume of the cerebrospinal fluid it contains and the surface of the sulcus. In brain imaging, sulci widening is a phenotype used to study aging and can serve for example as a proxy for premature aging. Sulcal opening values observed on the UKB sample we used exhibit a lognormal distribution across all ages with few extreme values. Hence, opening values were log-transformed, and outliers were removed using interquartile range methods. 
B. Genetic data
We used UKB genotype data of January 2018 release, that contains 658,720 SNPs spanning across the 22 autosomal chromosomes. We excluded from our analysis subjects with low QC index, first degree related individuals or sex mismatches. In total and out of the 20,060 subjects with neuroimaging, we retained 15,251 subjects with approximately 48% of males and 52% of females (see [2] ). From this release, we used the phase information as computed by SHAPEit, made available for all genotyped SNPs in March 2018 release.
We define blocks of high confidence phase over the 22 autosomal chromosomes using the GRCH37 genetic recombination map in centimorgan (cM), based on the 1000 Genomes project. In order to keep block with high confidence phases, we retained in each block the SNPs being in linkage disequilibrium (LD) exclusively. In the approach proposed in [8] , the genome is divided in overlapping blocks of fixed span of 0.25 to 1 cM on the genetic map. Here, we propose to define non-overlapping blocks. The end-SNP and the start-SNP of two consecutive blocks are separated by at least Δ cM. This procedure guarantees that two consecutive SNPs in the same block are separated by less than Δ cM. We investigate the effect of Δ cM by using six various values ranging from 0.001 to 0.025 cM in Figure 2 .
We proposed three different ad-hoc procedures for genome-wide haplotype association implemented in R.
Block-test using likelihood ratio test: In the first procedure, referred to as "block-test" hereafter, we use a linear regression of the phenotypes Y over the covariates X and all the haplotypes hi observed in a given block collated in a design matrix H. Each column hi contains codes from 0, 1, 2 in order to study the additive effects of the haplotype. The significance of the blocktest association is estimated using a Likelihood Ratio Test for nested Linear Models for Y : (i) the linear model that contains only the covariates Y ∼ βX (X), and (ii) the block model Y ∼ βX,H (X, H) that contains covariates and the design matrix .
Complete-test using a χ 2 test of the coefficients: A second procedure, referred to as "complete-test", uses the same linear model regression Y ∼ βX,H (X, H) as in the block-test. For this procedure, we compute a standard two-sided p-value of the t-statistic of the regression coefficient associated with each column hi ∈ H in the block.
Independent haplotype-test considering haplotypes as independent variables: Finally, we propose a third procedure, referred to as "Independent haplotype-test", where each haplotype is considered as an independent variable and is tested successively. In a similar way as the previous procedure, we use a linear modeling Y ∼ βX,h i (X, hi) where hi is the additive effect of haplotype i. We compute a standard two-sided p-value of the t-statistic of the regression coefficient associated with the additive effect of hi. This procedure is similar to the quantitative linear association test implemented in PLINK for the SNPs.
The study of the properties of the proposed procedures was assessed using haplotype data from chromosome 21 and the opening of the Central Sulcus.
II. RESULTS

A. Genome-wide distribution of haplotype block
We explored six values of Δ from 0.001 to 0.025 cM which defined six families of haplotype blocks. We studied the overall distribution of the genomic length L[h] of the blocks in the six configurations. These distributions present a log-normal shape as shown in Figure 2 . The distribution median value is sensitive to Δ, and presents a heavy tail for lower values of Δ. For the most stringent criterion Δ = 0.001, the distribution of L[h] seems homogeneous across all chromosomes. We chose this most conservative value because it ensures SNPs in LD in the block and this value was used for the following feasibility study of haplotype association.
B. Feasibility of genome-wide association studies for haplotypes
Across chromosome 21, we obtained 1,756 blocks of high confidence phase using Δ = 0.001. These blocks led to 13,942 haplotypes. Selected blocks had a span on the genetic map of length ranging from 9.4e-07 to 1.2e-02 cM, with a median value of 6.7e-04 cM, gathering from 2 to 63 consecutive SNPs, with a maximum length on the chromosome of 126 kbp. We ran the three procedures to study haplotype association with opening values of the Calacrine Fissure. Previous univariate GWAS using genotyped data did not report any hit between this phenotype and chromosome 21. In the absence of association, we expect the p-values of the tests to be uniformly distributed between 0 and 1 and the empirical Cumulative Distribution Function to follow a linear trend with a slope of 1. We also expect the lowest p-value to be close to 1/NT where NT is the number of test. We compared the observed p-values distribution obtained with the three procedures with a null distribution as "expected" values using Quantile-Quantile plots (QQ-plot) reported in left panels of Figures 3, 4 and 5 presented further in this section. 
1) "block-test" procedure:
The block-test procedure produced 1,756 p-values for each block of high confidence phase along chromosome 21. The QQ-plot indicates a poor fit of the observed vs expected p-value distribution, with most significant p-values less significant than their expected values (see left panel of Figure 3 ). Defining 4 classes of blocks according to the length they span across the genetic map, we could not distinguish a particular trend for pvalues.
2) "complete-test" procedure: The complete-test produced 13,942 p-values from 1,756 linear model regressions. In the QQplot on Figure 4 , p-values seem to fit the null distribution and seem also independent of the minor allele frequency (MAF) of the haplotypes as suggested by the MAF information on the QQ-plot. However, the p-value distribution seems influenced by the length in cM that haplotypes span over the genetic map. More precisely, the distribution of p-values seems less uniform with decreasing genetic length. 3) "independent haplotype-test" procedure: The independent haplotype-test produced 13,942 p-values for each haplotype on chromosome 21, with one linear model fitted independently for each haplotype. In Figure 5 , p-values seem to fit the null distribution on the Q-Q plot, also seem independent of the MAF, and the p-value distributions seem to be homogeneous across classes of increasing genetic length. .
III. DISCUSSION
In this study we used the most conservative value for Δ in order to enforce as much as possible the high confidence of the phase of the markers along the block. Despite the unbalanced distribution of genetic length L[h] for the chosen Δ, we detected no effect on our analysis however. If this length would come to be an explanatory variable, one probably wants a more balanced distribution. Higher values of Δ seems to produce distribution closer to the log-Normal form.
Regarding the procedures for testing association, the independent haplotype test seems to produce the most uniform distribution of p-values across all 4 classes of haplotype length on the genetic map, while the block-test seems more conservative, which might be explained by the high number of degrees of freedom of this test. As for the complete test procedure, it might not be the most suitable since it does nor produce uniform distribution of p-values for haplotypes of 2 to 4 or 5 SNPs in strong LD. For this study, we did not propose any correction for the p-values since we were not looking for significant associations, that is, we focused on finding the right null distribution.
CONCLUSION AND FURTHER WORK
In the context of imaging genetics, we proposed a study to test for association between haplotypes and quantitative traits relative to brain structures. A limitation of this work is the effect of haplotypes with low frequencies that could appears on larger scale. It is still unclear how haplotypes frequencies influence the results. Further work should include a procedure to filter out low-frequency haplotypes or alternatively, to filter out low-frequency SNPs.
Further work will define a procedure to correct p-values for multiple testing. The Bonferroni correction for the number of tests seems to be a too naive correction for p-values. However, [8] propose to correct by the estimation of the number of independent haplotypes. For the complete-test, that number should range between the number of blocks and the number of haplotypes. Finally, we could plan an extension of the complete-test using a mixed linear model.
